Population-based personal exposures to particulate matter (PM) and personal-ambient relationships of PM and component concentrations for outpatients with COPD and/or asthma were investigated in New York City (NYC) and Seattle for thoracic PM (PM 10 ) and fine PM (PM 2.5 ). Measurements of outdoor, indoor, and personal PM 10 and PM 2.5 concentrations were made concurrently for 12-consecutive days at 24 patients' residences. Filters were analyzed for elemental components, using XRF and black carbon (BC), by reflectance. Daily morning and evening measurements of heart rate (HR) and blood oxygen saturation (SpO 2 ) by pulse oximeter, and forced expiratory volume in 1 s (FEV 1 ) and peak expiratory flowrate (PEF) by spirometry were also measured, and symptom data were collected. Central monitoring site, outdoor, indoor, and personal concentrationresponse relationships of PM 2.5 , PM 10À2.5 , and their components were examined using mixed-effect models. The relatively small sample size of the study limited the interpretation of results, but of the PM chemical components examined, only nickel concentrations showed consistent associations, and only with HR in the NYC COPD patients.
Introduction
There have been consistent associations of particulate matter (PM) with aerodynamic diameters below 10 mm (PM 10 ), which can penetrate into the thorax, and fine PM (PM 2.5 ), which penetrates into the gas exchange region of the lungs, with excess mortality and hospital admissions. However, the toxic components of the PM and the mechanisms underlying the effects are still largely unknown. PM in ambient air encompasses a mixture of contaminants and sizes, and chemical-physical properties differ temporally and spatially. As size-fractioned PM data became available, many of the newer epidemiological studies have focused on investigating the relative importance of PM 2.5 and the coarse thoracic component of PM 10 , that is, PM 10-2.5 , on health effects. Some of these studies have linked PM within different size fractions and specific emission sources to health risks (Klemm et al., 2000; Lippmann et al., 2000; Mar et al., 2000) . The risk estimates from these studies have ranged from 1.5% to 6.5% excess mortality per 25 mg/m 3 of PM 2.5 increase. The Harvard Six Cities Study analyzed PM in several size fractions (PM 2.5 , PM 10 , and PM 10-2.5 and two PM chemical components (SO 4 ¼ and H þ ) (Schwartz et al., 1996) . The results from this and other single-city studies have suggested that the strongest PM-health effect association was found between increased PM 2.5 mass and total daily mortality. Laden et al. (2000) , applied factor analysis to the limited number of components of ambient PM that were measured in the Harvard Six Cities Study, and concluded that combustion-related PM 2.5 was the most closely associated measure with mortality. Other source apportionment-based health effects studies conducted in Washington, DC and Phoenix, AZ identified SO 4 ¼ as the PM index most closely associated with mortality (Thurston et al., 2005) . Several time-series studies have examined PM and causespecific mortality, and impacts on susceptible subpopulations. Such studies have indicated, in general, larger risk estimates for cardiovascular and respiratory mortality than for total mortality (Schwartz et al., 1996; Hoek et al., 2000) . The PM relative risk (RR) for COPD death was threefold higher than the risk for total daily deaths (1.25 vs 1.08) in the United States (Schwartz, 1994) . A similar pattern was found in the Netherlands (Hoek et al., 2000) .
Despite the consistent associations of PM 10 and nonaccidental mortality and hospital admissions from the earlier studies, the toxic components of the PM 2.5 that cause adverse health effects, and the mechanisms underlying the effects, are still largely unknown. As size-fractioned PM data became available, many epidemiological studies focused on the relative importance of PM 2.5 vs PM 10-2.5 on health effects. Recent studies have focused on linking PM in different size fractions and the roles of specific emission sources in health risks (Klemm et al., 2000; Lippmann et al., 2000; Mar et al., 2000) . The risk estimates ranged from 1.5% to 6.5% excess mortality per 25 mg/m 3 PM 2.5 increase. Gong et al. (2004a) reported that healthy, elderly non-smoking adult volunteers and age-matched individuals with chronic obstructive pulmonary disease (COPD) were exposed for 2 h to concentrated ambient air (PM 2.5 CAPs) in southern California at concentrations of B200 mg/m 3 , and to filtered air (FA) with intermittent exercise. There were no significant effects of CAPs exposure on spirometry, symptoms, or induced sputum. There was a significant negative effect on pulse (heart) rate (HR) immediately after exposure, with the effect being greater in the healthy subjects. Pre-exposure ectopic heartbeats were more frequent in the COPD group, but diminished after CAPs exposure.
When Gong et al. (2004b) exposed healthy, non-smoking adults and others with mild asthma to PM 10À2.5 CAPs at a concentration averaging 157 mg/m 3 and to FA, there were no significant effects of PM 10À2.5 on lung function. On the other hand, there were small, but significant increases in HR that were greater in the healthy subjects. Gong et al. (2008) exposed healthy and mild asthmatic adult volunteers to FA and to PM 2.5 CAPs at a concentration averaging 174 mg/m 3 . Data were collected on lung function, symptoms, exhaled NO, ECG, pulse rate, O 2 saturation (SpO 2 ), inflammatory biomarkers in peripheral blood, and induced sputum. The differences between CAPs and FA exposure days were 0.5% reduction in SpO 2 (Po0.01); 2% reduction in FEV 1 on the next morning (Po0.05); and a transient decrease in low-frequency power in HRV (Po0.05), with no differences between the healthy and asthmatic volunteers.
In population-based studies, Peters et al. (1999) reported increased HR during an air pollution episode, and Pope et al. (2004) reported changes in HRV with ambient PM concentration.
To investigate the contributions of PM 2.5 components to cardiovascular effects, Lippmann et al. (2005) used 5 months of daily 6-h source apportionments to determine the sourcerelated PM 2.5 components' associations with HR and HRV. They reported associations between PM 2.5 components and both HR and HRV for: (1) during the exposures; (2) the afternoon following exposure; and (3) (Lippmann et al., 2006) , there was a dramatic change in cardiac function in the autumn months, specifically on 14 days with northwest winds that carried more Ni, Cr, and Fe, but less V than and other elemental tracers than the 89 days with winds from all other directions. On these 14 days, there were significant increases in HR and significant decreases in HRV (Lippmann et al., 2006) . Back trajectory analyses from Sterling Forest for the 14 days with northwest winds led through lightly populated areas to Sudbury, Ontario, which is the location of the largest Ni smelter in North America.
AIM
The aim of this study was to determine whether there were associations between daily variations of the concentrations of PM 2.5 , PM 10À2.5 , and their elemental components with short-term variations in cardiopulmonary functions in elderly patients with chronic lung diseases in New York City and Seattle. The subjects were selected as a likely sub-population sensitive to the effects of PM air pollution, and the cities were selected because their differences in PM composition could help in the identification of causal components of PM.
Methods

Characterization of Airborne PM Concentrations and their Sources
In a companion paper, Hsu et al. (2011) These methods, and their quality assurance, are summarized in the On-line Supplement.
Population Recruitment
Elderly ambulatory patients with physician-diagnosed moderate COPD or asthma were recruited through Pulmonary Clinics at Bellevue Hospital in NYC and senior centers in Seattle. A few subjects were referred through patient support groups. The NYC cohort consisted of nine elderly patients having COPD, and the Seattle cohort consisted of 15 elderly patients with COPD or asthma. All subjects were currently non-smokers and lived in apartments or single-family houses.
For all candidate subjects, preliminary cardiopulmonary function tests were conducted and an overview of the study was presented before they agreed to participate. A written informed consent was obtained from all subjects before their participation in the study. This study was approved by the human subjects institutional review boards at NYU School of Medicine and the University of Washington.
Health Outcome Measurements
Cardiopulmonary measurements were collected twice daily from the information recorded in the devices used by each participant. Pulse rate (heart rate, or HR) and blood oxygen saturation levels (SpO 2 ) were recorded before and after taking medication in the morning and in the evening using a pulse oximeter (Nellcore N20). Lung function values were obtained with a portable spirometry device (AirWatch) for forced expiratory volume in 1 s (FEV 1 ), and peak expiratory flow (PEF) rate. In addition, symptom questionnaires were completed twice daily. The symptom questionnaires included 14 cardiopulmonary symptoms such as: ''chest pain'', ''shortness of breath'', and so on. Participants ranked the symptoms on the scale of 0-5 (no symptom to severe discomfort, respectively), once in the morning and once in the evening.
Health Effects of PM Exposures and their use in Model Development
We examined the associations between PM and its components and several health indices using a linear mixed-effect model that took account of the extent to which measurements on the same subject were correlated. We adjusted for the confounding variables of temperature as well as sex, an indicator variable for study day (day1 to day12), and day-ofthe-week (monday to sunday). The health-related measurements were normalized for each subject, and expressed as percentage change. Same-day PM and its component concentrations and previous day measurements were assessed. Several variances and covariance structures, such as compound symmetry (CS), autocorrelation (AR1) of residual were examined. Criteria for building the final model were based on Akaike's Information Criterion (AIC) values, and the model with the lowest AIC was selected. The predicted variables were total PM mass and selected elements, both at lags 0 and 1 days, from outdoor, indoor, and personal sampler locations. As the exposure characteristics in the two different cities differed, especially in terms of elemental characterizations, the final analyses were done separately for each city. Combined city analyses were done for sensitivity analysis purposes.
In studies of air pollution and health effects, temperature is a major potential confounding factor. Temperature and mortality usually exhibit a ''U-'' or ''J-''shaped relationship, with extremes in temperature having the greatest effects on mortality. Although the health outcomes in this study were cardiopulmonary functions rather than mortality, the influence of temperature on health outcome relationships was examined and considered in the model development. The temperature data were retrieved from the National Climatic Data Center database.
Another temporal variable, ''day of the week'' was examined. In NYC, decreases in FEV 1 were greater on mondays compared with the rest of the weekdays. In contrast, Seattle subjects showed higher FEV 1 readings on mondays. To control autocorrelation between consecutive day' measurements, a study-day variable, day 1 through day12 (the last day of sampling) was considered. Gender was considered because of male-female differences in lung function. Although ANOVA analysis during the data exploratory stage showed that gender accounted for significant differences in lung function, it did not for cardiovascular functions. Mixed-effect models were developed by adding potential covariates, one-at-a-time.
Analysis of model performance was compared based on the likelihood ratio test. The final model included, as covariates: temperatures, day of the week, study day, and gender. For NYC model, an interaction term between season and pollution was included to assess the seasonal effect. For Seattle models, two approaches were utilized, first a pooled data analysis was conducted to estimate the overall effect for the Seattle cohort, and second, an interaction term between disease status and pollution was considered to assess the effect because of the underlying disease condition. In all models, subject in sampling session was modeled as a random effect.
Results
During the sampling period, mean temperatures were 68.9, 37.6, and 44.71F, for NYC summer, NYC winter, and Seattle winter, respectively. Temperatures in NYC had a bimodal distribution, which coincide with the summer and the winter means, and ranged from 23.8 1F to 81.8 1F. The temperature in the Seattle winter had a narrower range, from 35.2 1F to 54.5 1F. To control for extreme temperature effects, hot and cold effects, two temperature indicators were created for the NYC analyses. Temperatures 477.61F were considered hot days, and temperatures that fell below 28.21F were assigned as cold days. As sampling was conducted only in the winter time in Seattle, extreme cold temperature was of concern, and days with temperature below 37.31F were considered cold days.
Summary of Cardiopulmonary Function Data
In this research, changes in cardiopulmonary functions were of major interest; hence, the difference between evening and morning readings (D) was first computed, and then divided by the mean of the subject, as percent change for subject i on Effects of PM and components on COPD patientsday j. A positive change meant the cardiopulmonary function improved by the end of the day, while a negative change meant the decrease in the function. The subsequent analyses linking exposure and health outcomes used this percentage change measure instead of crude readings. This approach took into account the baseline variation of each participant, and the standardized percent change readings allowed us to directly compare the data between subjects.
New York City (NYC)
Among the nine NYC patients, two could not produce valid PEF and FEV 1 readings using the AirWatch spirometer; one of them provided PEF readings using her own spirometer during the summer sampling session. As a result, the total number of lung function readings obtained was fewer than the cardiovascular function measurements. A total of 1094 cardiopulmonary readings were obtained from NYC participants during summer and winter sampling campaign. In general, evening readings were well correlated with morning readings for the same endpoint for all health outcomes except HR (r ¼ 0.29-0.92, r ¼ 0.34-0.85, summer and winter, respectively). PEF readings were highly correlated those of FEV 1 (r40.80). Cardiovascular function indicators were not as strongly correlated. Also, the evening and the morning measurements during the day did not correlate well. Average HR and SpO 2 in summer were similar to their mean readings in winter (Table 1 ). PEF and FEV 1 , showed similar average values for the two seasons, the inter-quartile range (IQR) in winter was wider than in summer, indicating more variability in winter. Overall, mean negative changes during the day were found for cardiovascular functions in both summer and winter.
The mean readings of pulmonary outcomes for each subject showed considerable inter-subject variation, and this was most evident for lung function measurements. Average evening FEV 1 readings ranged from 0.67 l to 2.85 l in summer months, and from 0.57 l to 2.41 l in winter months. The wide range among subjects was because of each subject having a different baseline, and the measured FEV 1 output was not adjusted for age and gender. We used the mean reading of each subject, standardized by dividing the reading by the mean for each subject.
There were mean negative changes for cardiovascular functions in both summer and winter. For example, the HR decrement was, on average, 4.21% in summer and 6.97% in winter. The range of HR change observed for each participant had a wider range in winter than in summer (À24.6% to 6.10%, and À19.5% to 4.95%, winter and summer, respectively). However, changes in lung function did not exhibit a similar pattern between seasons. In summer, lung function improved as the day progressed, while in winter, lung function deteriorated in the evening compared with morning measurements. The distributions of the respiratory function data in NYC are summarized in Table 1 .
Seattle
The distributions of the respiratory function data in Seattle are also summarized in Table 1 . Among the 15 Seattle participants, seven were asthmatic, five were diagnosed with both asthma and COPD, and three were COPD patients. There were seven males and eight females. Age ranged from 60 to 86 years old, with a mean of 75.5 years. A total of 1214 cardiopulmonary readings were obtained during the study period. There were moderate-to-high correlations between morning and evening cardiovascular readings (0.44 and 0.74, HR and SpO 2 , respectively), and strong correlations were found for morning and evening lung function readings (0.84 and 0.85, PEF and FEV 1 , respectively). Overall mean readings of various pulmonary indicators taken in the 
Associations between Cardiopulmonary Functions and PM Exposures
The cardiovascular effect analyses assessed associations between changes in cardiac function (DHR or DSpO 2 ) and the following airborne concentrations: outdoor, indoor, and personal PM 2.5 or PM 10 total mass and its elemental component concentrations (S, EC, K, Ni, Ca, Fe, Al, Si, Se, V, and Zn). Similar analyses were conducted to examine associations between lung functions (DPEF or DFEV 1 ) and PM mass and species concentrations. Both same-day and previous-day concentrations were considered in the analyses.
Results from the analyses are reported as cardiopulmonary function changes in percentage per IQR increase in PM mass and PM component concentrations, that is, the increase in the pollution concentrations from the 25th to the 75th percentile. Most of the results described are expressed in terms of the means and variations within the groups of outpatients in the two different cities, with an emphasis on the associations of the health-related indices and the concentrations of PM 2.5 , PM 10À2.5 , and their measured chemical components. The strengths of the individual associations are described in terms of their P-values for the concentrations on the same day (0 lag), and the previous two days (lag 1-day, and 2-day), with Po0.05 being considered to be statistically Effects of PM and components on COPD patients Hsu et al.
significant, and P-values between 0.05 and 0.10 being considered to be of borderline statistical significance.
As there are multiple comparisons of inter-related component variables, the results need to be interpreted cautiously, especially because they apply to small cohorts (9 in NYC and 15 in Seattle) of elderly outpatients that were being treated for pulmonary diseases and who typically vary from day-to-day in their health status and ability to perform function tests. On the other hand, by having daily average personal exposure and indoor concentration data, we had much less exposure measurement error than most studies of associations of functional measures in relation to pollutant concentrations. Over successive days, we also examined the consistency of the associations with functional measurements for the concentrations at the defined CMS, outdoors of the residence, indoors, and personal, for 0, 1, and 2 days of lag between exposure and function measurements.
Considering the small populations sizes, and the variability of functional measures from day-to-day among patients, it was no surprise that most of the associations were not statistically significant. However, a small number of the PM components had associations that were both statistically significant, and consistent across the simultaneous outdoor, indoor, and personal concentration measurements, indicating further studies of such associations are needed. We also found that some of the other PM components associations had borderline significance, that is, P40.05, but o0.10, and are therefore more suggestive than definitive of exposureresponse relationships. Such associations can serve to focus and guide the design and execution of more definitive studies in the future. Supplementary Figures S1 through S9 , which are presented in the on-line supplement to this paper are focused on the results for the personal and indoor concentrations, as they generally had the strongest associations. They provide associations of our functional measurements and symptom scores with all of the airborne concentrations in terms of percent change per IQR of concentration.
Supplementary Figure S1 shows associations of PM 2.5 components with DHR in NYC in summer. Both S and Ni were associated with increased HR at lag 0 and lag 1-day, and indoor and personal Fe showed associations at lag 1-day. Supplementary Figure S2 shows that, for NYC winter, there were significant associations of decreased HR for Ni, V, Si, and Zn at lag 1-day, but not at lag 0. There were no consistent associations for PM 2.5 mass or for other component concentrations.
Supplementary Figure S3 shows associations of PM 2.5 components with DSpO 2 in NYC in summer. Vappears to be associated with decreased SpO 2 at lag 0 and S showed associations with increased SpO 2 at lag 1-day. Supplementary Figure S4 shows that, for NYC winter, there were no significant associations of DSpO 2 at lag 0, but there were associations with decreased SpO 2 at lag 1-day for S, EC, Ca, Fe, and V. There were no consistent associations for PM 2.5 mass or other component concentrations.
Supplementary Figure S5 shows associations of PM 10À2.5 components with DFEV 1 in NYC in winter. S, EC, Ni, Ca, V, Si, and Zn appear to be associated with increased FEV 1 at lag 0, but there were no associations at lag 1-day and no associations for PM 2.5 mass or other component concentrations. Supplementary Figure S6 shows associations of PM 10À2.5 components with DFEV 1 in Seattle in winter. S, Ni, Fe, V, and Zn appear to be associated with increased FEV 1 at lag 0, but there were no associations at lag 1-day and no associations for PM 2.5 mass or other component concentrations. Supplementary Figure S7 shows associations of PM 2.5 components with DFEV 1 in Seattle in winter. Fe, Al, and Zn appear to be associated with increased FEV 1 at lag 0, but there were no associations at lag 1-day and no associations for PM 2.5 mass or other component concentrations.
Supplementary Figure S8 shows associations of PM 2.5 components with DPEF in NYC in summer, but there were no such associations in NYC winter. Summer EC appears to be associated with increased PEF at lag 0, while Ni is associated with decreased PEF. Supplementary Figure S9 shows that, for Seattle winter, there were significant associations of increased PEF with Ni, Fe, and V at lag 0. There were no associations with DPEF at lag 0 or lag 1-day for PM 2.5 mass, PM 10À2.5 mass, or component concentrations.
Ni exposures and Heart Rate Measurements in NYC
Ni exposure in NYC is of particular interest because of: (1) NYC having unusually high Ni concentrations compared with Seattle (and to the rest of the United States); and (2) Ni exhibiting a distinctive seasonal pattern in NYC, with very high concentrations in winter and much lower concentrations in summer (Peltier and Lippmann, 2010) . Hence, the associations of Ni with HR warranted more detailed analyses. The Ni association was strongest during the winter months, was more pronounced for lag 1-day than for lag 0-day exposure, and was expressed as a decrease in HR. By contrast, the association in the summer was expressed as an increase in HR, and was present at both at 0-day lag and at 1-day lag. A further investigation on the relationship between lag 1-day Ni for both summer and winter data from our four simultaneously operating sampling locations and HR showed that there was no association between Ni and HR for our CMS site, and that there were similar associations for Ni from outdoor, indoor, and personal samples. The graphical depiction in Figure 2 shows that there was an increased HR at the lower concentrations and a decreased HR at the higher concentrations. Furthermore, to check whether there was a cumulative effect, a distributed lag model was applied on the outdoor Ni concentrations. Figure 3 shows that the estimated effect was stronger at lag 1-day than at lag 0-and 2-days. However, the cumulative negative association that was observed did not reach statistical significance. A largescale study could provide a more definitive test of the association.
Discussion
Use of Central-site Monitoring in Health Effect Assessments
One uncertainty in epidemiological health effects studies is how representative airborne concentrations at a central monitoring site need to be given that people spend most of their time indoors. Personal-central site correlations are higher when data were observed longitudinally than crosssectionally (Ebelt et al., 2000; Liu et al., 2003) . We also reported higher longitudinal personal-indoor-outdoor correlations when compared with cross-sectional correlations across our two cities and seasons in our companion paper (Hsu et al. in review in JESEE) . The correlation was even strongest for S, a tracer for regional PM 2.5 pollutants of ambient-origin. This supports the use of CMS measurements as surrogates of population exposure to ambient PM 2.5 for regional pollutants. When local sources might be more important in terms of health impacts, the CMS data are likely to introduce significant measurement error, especially when considering chemical components.
Issues in Health Effects Assessment
Past health effect panel research have mainly focused on the role of total mass concentrations rather than investigating specific PM components. Our panel studies, which followed participants for 12 consecutive days, collected data on the concentrations of PM 2.5 and PM 10 mass and their constituents, and measured specific health-related functional outcomes. These data provided a unique opportunity to explore the associations between exposure to PM components and cardiopulmonary outcomes. Although this research was limited to small sample sizes in only two cohorts, and may not have had sufficient power to draw definite conclusions about associations between exposure to PM (PM 2.5 and PM 10À2.5 ) and most of their components, and health-related effects, the results of this study provide guidance that can be applied to future research opportunities. In this research, we found consistent relationships between daily HR and daily Ni concentrations measured at residential outdoor, residential indoor, and by personal samplers in NYC. As shown in Figure 2 , an increased HR was seen at the lower concentrations that occurred in the summer, while for higher concentrations that occurred mostly in the winter, there were decreases in HR. The decreasing HRs were associated with increasing Ni concentrations were most prominent at lag 1-day across outdoor, indoor, and personal measurements, but not with CMS measurements. This result can be explained by the great spatial variation of Ni within NYC (Peltier and Lippmann, 2010) , where residual oil is used in large buildings for space heating. As a result, the CMS Ni and outdoor Ni only moderately correlated (r ¼ 0.48) compared with the much higher correlations between indoor and outdoor Ni, personal and outdoor Ni, and personal and indoor Ni (r ¼ 0.94, 0.88, 0.73, respectively). On a somewhat larger scale, Peltier and Lippmann (2010) showed that Ni concentrations were much higher in Bronx and Manhattan than in Brooklyn, indicating the influence of local, rather than regional sources.
Several studies have previously reported that changes in heart rate (HR) and HR variability (HRV) that were associated with increases in PM mass, both with PM 2.5 (Gold et al., 2000; Liao et al., 1999; Pope et al., 2004) and PM 10À2.5 (Lipsett et al., 2006) . Peters et al. (1999) documented an association between increase in HR and an air pollution episode in Germany. However, direct comparisons of our results for Ni and HR to those of previous studies may not entirely appropriate because the differences in exposure metric (PM 2.5 vs Ni), and differences in study populations (coronary artery disease vs COPD). Nevertheless, our results suggest an underlying relationship between HR and Ni exposures in NYC.
The potential cardiovascular effects of Ni exposures were first identified by Lippmann et al. (2006) . They suggested that concentrations of Ni in PM 2.5 modified the lag 1-day association between PM 10 and all-cause mortality. The association between Ni concentration and pulse (heart) rate in this research is coherent with those findings.
The association between HR and Ni concentrations is biologically plausible. In a subchronic concentrated ambient-air PM (CAPs) study conducted in Tuxedo, NY, NYU colleagues found elevated HR was associated with elevated Ni concentration in ApoE À/À mice, and the HR elevation for CAPs exposed mice lasted for at least 2 days (Lippmann et al., 2006) . Up to now, very little research has investigated the health effects of Ni in PM mixtures, and the biological mechanisms for Ni effects on HR are unclear. The results from this work indicate that there is a need to examine the role of the Ni component of ambient air PM 2.5 and the PM health effects that have been attributed to PM 2.5 , especially in NYC with its unusual high Ni concentrations. More research elucidating the association between Ni and cardiovascular disease in other cities, in other sub-populations, in vivo, and in vitro are warranted. This review of associations between PM 2.5 and PM 10À2.5 components and HR, SpO 2 , FEV 1, and PEFR, did find some other associations between PM components and indices of effects, but they were all considerably less convincing than the association between Ni and HR in NYC. These less convincing associations, in both NYC and Seattle, were not surprising, considering the multiple comparisons, and the small number of subjects studied, the fact that we studied sick people whose cardiopulmonary functions are highly variable from day-to-day, and the relatively low concentrations of most components in relation to the detection limits for XRF analysis.
Colleagues at University of Washington had found a positive association between BC concentrations and exhaled nitric oxide (FENO) for seven asthmatic subjects among those in our Seattle panel (Jansen et al., 2005) . The FENO data was not part of the data collection for the NYC cohort and hence, no analysis was done concerning the FENO and other PM components. The Jansen et al. (2005) report does indicate that FENO might be a more sensitive indicator of oxidative stress compared with conventional cardiac and lung function measurements. For future study designs, it is important to consider the inclusion of this type of measurement in human exposure assessments.
Implications of the Study Findings to Monitoring for Health Effects Studies
We have demonstrated that day-to-day fluctuations in ambient Ni concentrations affect day-to-day Ni exposures at the personal level, and that spatial variations of Ni concentrations within a city can limit the effective use of central site measurements of Ni as indices of indoor and personal exposures.
The personal-outdoor relationships characterized from this research represent an initial attempt to assess the measurement error associated with central site monitoring for toxic components in community air. Further research in characterizing spatial and temporal variations of pollutants within an urban setting, and the measurement errors associated with reliance on central site monitoring stations could serve to minimize the uncertainty in observational air pollution studies, especially for PM components.
